Funk JA, Schnellmann RG. Persistent disruption of mitochondrial homeostasis after acute kidney injury. Am J Physiol Renal Physiol 302: F853-F864, 2012. First published December 7, 2011 doi:10.1152/ajprenal.00035.2011.-While mitochondrial dysfunction is a pathological process that occurs after acute kidney injury (AKI), the state of mitochondrial homeostasis during the injury and recovery phases of AKI remains unclear. We examined markers of mitochondrial homeostasis in two nonlethal rodent AKI models. Myoglobinuric AKI was induced by glycerol injection into rats, and mice were subjected to ischemic AKI. Animals in both models had elevated serum creatinine, indicative of renal dysfunction, 24 h after injury which partially recovered over 144 h postinjury. Markers of proximal tubule function/injury, including neutrophil gelatinase-associated lipocalin and urine glucose, did not recover during this same period. The persistent pathological state was confirmed by sustained caspase 3 cleavage and evidence of tubule dilation and brush-border damage. Respiratory proteins NDUFB8, ATP synthase ␤, cytochrome c oxidase subunit I (COX I), and COX IV were decreased in both injury models and did not recover by 144 h. Immunohistochemical analysis confirmed that COX IV protein was progressively lost in proximal tubules of the kidney cortex after ischemia-reperfusion (I/R). Expression of mitochondrial fission protein Drp1 was elevated after injury in both models, whereas the fusion protein Mfn2 was elevated after glycerol injury but decreased after I/R AKI. LC3-I/II expression revealed that autophagy increased in both injury models at the later time points. Markers of mitochondrial biogenesis, such as PGC-1␣ and PRC, were elevated in both models. These findings reveal that there is persistent disruption of mitochondrial homeostasis and sustained tubular damage after AKI, even in the presence of mitochondrial recovery signals and improved glomerular filtration.
striction and decreased vasodilation, endothelial and smooth muscle cell damage, and leukocyte infiltration (2, 6, 29) .
Rhabdomyolysis is a condition in which heme proteins, released in the form of myoglobin from muscle cells or hemoglobin from erythrocytes, produce secondary organ toxicity, predominantly AKI (3, 22) . Although the mechanism of myoglobinuric-induced AKI is not entirely known, a number of factors including ischemic injury resulting from vasoconstriction and blood volume depletion as blood pools at the site of muscle injury, direct tubule toxicity from iron influx and hydroxyl radical formation, and tubular obstruction contributes to the disease process (3, 24, 25) .
Subcellular injury to the tubular epithelium is a primary component of AKI, and although different injuries may manifest by particular mechanisms, common pathogenic elements are observed in multiple injury models. Mitochondrial damage is a major contributor to the lethal and sublethal tubular cell injury observed in the disease progression of AKI (10, 13, 15, 16, 23, 37) . Increased production of reactive oxygen species and nitric oxide, formed prominently within the mitochondria, as well as compromised antioxidant mechanisms following ischemic periods make the mitochondria particularly susceptible (24, 25, 28, 43) . Additionally, elevations in intracellular and mitochondrial Ca 2ϩ and Fe 3ϩ may contribute to the central role of the mitochondria in the disease process (8, 16) . Subsequent disruption of mitochondrial respiratory complexes, membrane depolarization, ATP depletion, lipid peroxidation, membrane permeabilization, and release of apoptotic proteins contribute to mitochondrial and cellular injury (1-3, 13, 23) .
The dynamic nature of mitochondria lends to dramatic alterations in structural integrity and population following acute toxic challenge. Mitochondrial fragmentation has been observed in models of AKI, and this process contributes to the resulting injury (4) . However, the role of mitochondrial fission and fusion following initial injury and during the recovery and maintenance phase is still not completely understood. Mitochondrial biogenesis is initiated after acute organ injuries (27, 41) , including cellular models of AKI (26) . There is an immediate induction of the transcriptional co-activator peroxisome proliferator-activated receptor ␥ co-activator 1-␣ (PGC-1␣) in experimental models of stroke, liver damage, heart failure, and neuromuscular disorders in response to the increased energy demand in such tissues (27, 36, 38, 41) . PGC-1␣ is a primary regulator of mitochondrial biogenesis and is known to associate with transcription factors responsible for mitochondrial gene expression, including the nuclear respiratory factors (NRFs) and mitochondrial transcription factor A (Tfam) (40) . There is significantly less known about other members of the PGC-1 family, PGC-1␤ and PGC-1-related co-activator (PRC), in acute injury models or in mitochondrial biogenesis, and the role of mitochondrial biogenesis during the acute injury phase and throughout sustained injury and recovery has not been fully established.
In this study, we asked how mitochondria would initially respond to an acute injury to the kidney and during recovery of function. There is evidence that the health of this organelle is a critical determinant in both injury progression and recovery in AKI, and there is a need to obtain a more complete understanding of mitochondria in this type of injury. We assessed several mitochondrial parameters in two rodent AKI models; examined expression of respiratory proteins, fission and fusion processes, and autophagy; and determined mitochondrial biogenesis at initiation of injury and throughout recovery of renal function. Previous studies examined each of these functions in various AKI models during onset of injury; however, this is the first study, to our knowledge, that encompasses multiple markers of mitochondrial homeostasis throughout an extended injury/recovery period in two distinct AKI models.
EXPERIMENTAL PROCEDURES
Glycerol model of myoglobinuric AKI. Male Sprague-Dawley rats, 180 -200 g, were injected with an equally divided hypertonic glycerol solution (50% glycerol/H2O, 10 ml/kg im) into the muscle of each hindlimb as previously described (42) . Renal function was monitored as described below starting at 24 h postinjection until rats were euthanized at 24, 72, or 144 h after injections, at which time kidneys were harvested and snap-frozen for molecular analysis. All procedures involving animals were performed with approval from the Institutional Animal Care and Use Committee (IACUC) in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. I/R model of AKI. Eight-week-old male C57BL6 mice weighing 25-30 g were subjected to bilateral renal pedicle ligation as described previously (44) . Briefly, renal artery and vein were isolated and blood flow was occluded with a vascular clamp for 20 min, and mice were euthanized at 24, 72, or 144 h after procedure, at which time kidneys were harvested for molecular analysis. All procedures involving animals were performed with approval from the IACUC in accordance with the NIH Guide for the Care and Use of Laboratory Animals.
Assessing renal function. Tail vein blood was collected from rats at various time points after glycerol injection, and serum was used to measure serum creatinine levels. For mice, blood was collected by retro-orbital eye bleed. Creatinine levels were measured using a Quantichrom Creatinine Assay Kit (BioAssay Systems, Hayward, CA) according to the manufacturer's protocol. Urine was collected from rats housed in metabolic cages overnight (16 h) at various time points throughout the study. Urine samples were used to determine creatinine levels (Quantichrom Creatinine Assay Kit, BioAssay Sytems), glucose (Quantichrom Glucose Assay Kit, BioAssay Systems), and neutrophil gelatinase-associated lipocalin (NGAL) levels (NGAL ELISA Kit, BioPorto) according to the manufacturers' instructions.
Immunoblot analysis. Renal cortical tissue was lysed in RIPA buffer containing cocktail protease and phosphatase inhibitors. Total protein content was measured by the BCA assay. Fifty micrograms of total protein were loaded into SDS-PAGE gels and immunoblots were performed as previously described (26) . Antibodies used for immunoblot studies were obtained from the following vendors: caspase 3 (Enzo Life Sciences), GAPDH (Fitzgerald Antibodies), ATP synthase ␤ and LC3 (Abcam), COX I and NDUFB8 (MitoSciences), Drp1, NRF-1, and Tfam (Santa Cruz Biotechnology), Mfn2 (Sigma), and PGC-1␣ (EMD Biosciences).
mRNA analysis. Total RNA was isolated from renal cortical tissue with TRIzol (Invitrogen) according to the manufacturer's protocol and cDNA was synthesized using RevertAid First Strand cDNA Synthesis Kit (Fermentas). PCR reactions were performed using 3 l diluted cDNA product as described previously (12) . Primer sets used for PCR are listed in Table 1 .
Immunohistochemistry. Paraffin-embedded sections were cleared in xylenes and then rehydrated in a graded ethanol wash. Antigen unmasking was performed by boiling sections in citrate buffer for 10 min followed by cooling at room temperature for 30 min. Endogenous peroxidase activity was quenched by incubating sections in 3% H2O2 for 10 min. Sections were then blocked in 10% normal goat serum for 1 h, followed by COX IV (Abcam, 1:700 dilution) antibody incubation for 1 h. Sections were then incubated in biotinylated anti-rabbit secondary antibody for 30 min followed by horseradish peroxidaselinked avidin-biotin complex reagent (Vectastain) for 30 min. Finally, antibody detection was visualized by DAB peroxidase substrate developer (Vectastain), counterstained with hematoxylin, mounted, and coverslipped. Images were acquired with a Nikon microscope under control of QCapture imaging software. Low-magnification images are at ϫ10 and high-magnification images were captured at ϫ40.
ATP measurement. Renal cortical tissue ATP was measured as previously described (35, 38) . ATP was extracted from flash-frozen kidney cortex with 0.4 M HClO 4, and ATP levels were determined using an ATP bioluminescence assay kit (Roche) and normalized to protein concentration.
Statistical analysis. Graphs represent a sample size of three to six for each group. Data were analyzed by ANOVA based on ranks followed by the Mann-Whitney rank-sum test for individual group comparisons of nonparametric data.
RESULTS
Rats exposed to intramuscular injection of glycerol exhibited kidney injury within 24 h as determined by an increase in serum creatinine (SCr) levels ( (t ϭ 0 h), control and glycerol rats had similar SCr levels. SCr in glycerol-treated rats increased about fourfold at 24 h and then gradually decreased at 72 and 144 h without reaching control levels.
Although SCr measurements demonstrated functional recovery between 24 and 144 h after glycerol treatment, urinary measurements reveal sustained renal injury. Urinary creatinine concentrations were reduced 85% at 48 h after glycerol injection and remained decreased at 144 h after injury (Fig. 1B) . Because glucose is freely filtered by the glomerulus and nearly 100% reabsorbed in the proximal tubule (39) , urinary glucose is a marker of proximal tubular function. Urine glucose levels increased about sixfold at 48 h and remained at this level at 144 h after glycerol injection (Fig. 1C) . NGAL is expressed in low abundance in proximal tubular cells, is upregulated and excreted into the urine after injury, and is now used as a biomarker of AKI (20) . NGAL increased 40-fold at 48 h and remained elevated at 144 h following glycerol injection (Fig.  1D) . Overall, these results reveal partial recovery of glomerular function (e.g., glomerular filtration) following AKI, but persistent proximal tubular dysfunction.
Apoptosis is known to be a primary mechanism of cell death in models of AKI. To evaluate apoptosis in our AKI models, we performed caspase-3 immunoblot analysis on renal cortical tissue collected at 24, 72, and 144 h after glycerol-induced AKI ( Fig. 2A) . Cleaved caspase 3 expression increased and remained elevated throughout the experimental period following glycerol injection, suggesting continued activation of apoptotic signaling. Additionally, histological evidence revealed persistent tubule dysfunction. Tissue structure was examined following Periodic acid-Schiff (PAS) staining, and it revealed proximal tubule dilation and brush-border damage at 24 h after glycerol that was sustained throughout the study (Fig. 2B ).
Transcript and protein levels of several mitochondrial respiratory genes were examined over time after AKI in renal cortical lysates. After glycerol-induced AKI, mRNA for the mitochondrial-encoded genes NADH-ubiquinone oxidoreductase chain 6 (ND6) and cytochrome c oxidase subunit I (COX I) was decreased between 72 and 144 h after injection (Fig. 3A) . In contrast, mRNA expression for the nuclearencoded mitochondrial protein NDUFB8 did not change at any time after injury, and expression of ATP synthase ␤ increased 144 h after glycerol injection. Similar to mRNA levels, COX I protein decreased after injury, although this was seen much earlier than mRNA, and the decrease was maintained until 144 h postinjection (Fig. 3B) . In contrast to the results observed for NDUFB8 and ATP synthase ␤ mRNA, protein levels for these were reduced early after injury and remained decreased throughout the study period.
Because alterations in mitochondrial fission/fusion proteins can change in AKI models (4), we examined markers of fission/fusion over time in the glycerol model. Twenty-four hours after glycerol injection, renal dynamin-related protein (Drp1) mRNA was elevated approximately fourfold over control rats and remained at this level through 144 h (Fig. 4A) . Correspondingly, Drp1 protein levels were also elevated early and remained elevated through 144 h (Fig. 4B) . No changes were observed in mitofusin 2 (Mfn2) mRNA levels (Fig. 4A) ; however, Mfn2 protein increased 24 h after injection and remained elevated until 144 h (Fig. 4B) .
Autophagy has been observed in multiple acute injury models, including AKI (17) , and has been intimately linked with induction of Drp1 expression and mitochondrial fission (34) . Thus, we examined microtubule-associated protein light chain 3 (LC3)-I/II expression over time following glycerol. An increase in the autophagic marker LC3-II was not observed Fig. 1 . Renal dysfunction after glycerol-induced myoglobinuria. A: serum creatinine was maximal 24 h after injection and partially recovered between 24 and 144 h after injury without returning to normal levels. B: urine creatinine was reduced 48 h after injury and remained decreased at 144 h. Urine glucose (C) and neutrophil gelatinaseassociated lipocalin (NGAL; D) were elevated 48 h after glycerol injection and remained elevated at 144 h. Different superscripts above data points are significantly different from one another (P Ͻ 0.05).
until 144 h (Fig. 5A) . These results provide evidence that autophagy occurs late in the course of AKI.
Initiation of mitochondrial biogenesis occurs in acute injury models (26, 27, 36, 41) . We assessed expression of several known mediators of mitochondrial biogenesis by PCR and immunoblot analysis. PGC-1␣, PRC, and NRF-1 mRNA levels were elevated within 24 h after glycerol injection, and they remained elevated throughout 144 h (Fig. 6A) . PGC-1␤ decreased at 144 h and no changes were observed in NRF-2␣ or Tfam mRNA. Correspondingly, there was an elevation in the biogenic proteins PGC-1␣, NRF-1, and Tfam after injury (Fig.  6B) , and the elevation was sustained throughout the study period. Consistent with expression of biogenic proteins, but in contrast to reduced respiratory proteins, tissue ATP levels did not change at 24 h, increased at 72 h, and was not different from controls at 144 h (Fig. 7A) .
To determine whether the observed changes following myoglobinuric AKI were specific to the species and/or injury model used, we examined mitochondrial homeostasis markers in a mouse I/R injury model. Following a similar pattern to the rat myoglobinuria model, mice subjected to renal I/R exhibited kidney injury within 24 h after reperfusion, with a sevenfold rise in SCr levels at 24 h (Fig. 8) . Recovery of SCr levels occurred over time but did not reach control levels at 144 h. Persistent apoptosis was also observed following I/R injury, where accumulation of cleaved caspase 3 was noted at 72 and 144 h (Fig. 9A) . Histological evidence also revealed persistent tubule damage with proximal tubule dilation and brush-border damage at 24 h after I/R and that was sustained throughout the study (Fig. 9B) .
Twenty-four hours after I/R injury renal ND6, COX I, and ATP synthase ␤ mRNA levels decreased and remained decreased at 72 and 144 h after injury (Fig. 10A) . Immunoblot analysis on renal cortical lysates revealed that NDUFB8, ATP synthase ␤, and COX I protein levels decreased after I/R injury and did not recover over 144 h, similar to what was observed in the myoglobinuria model (Fig. 10B) .
Immunohistochemical analysis confirmed decreases in mitochondrial protein expression in proximal tubules of the kidney cortex. COX IV, which followed the same expression pattern as other respiratory proteins (Fig. 10, B and C) , was localized throughout the kidney cortex, particularly the proximal tubule in sham animals (Fig. 10Di) . Twenty-four hours after I/R, COX IV immunoreactivity was less intense and more diffuse, although most proximal tubules were still positive for COX IV protein expression (Fig. 10Dii) . Immunoreactivity of COX IV within the kidney cortex, particularly with proximal tubules, became progressively less intense 72 and 144 h after injury (Fig. 10Diii, iv, 
inset).
No changes in Drp1 or Mfn2 mRNA were detected in kidneys of mice subjected to I/R injury (Fig. 11A) . However, immunoblot analysis revealed an increase in Drp1 protein at 72 and 144 h postreperfusion (Fig. 11B) . Mfn2 protein decreased within 24 h and remained decreased at 72 h after I/R injury.
Autophagy was measured by LC3-I/II expression over time after I/R (Fig. 5B) . Similar to the findings observed in the myoglobinuric model, LC3-II expression increased at 144 h after reperfusion, again suggesting autophagy was active late in the injury/recovery process (Fig. 5B) .
Following I/R injury, only PRC mRNA was elevated and sustained throughout the study period (Fig. 12A) . PGC-1␣, PGC-1␤, Tfam, and NRF-1 mRNA tended to decrease slightly immediately after injury. In contrast to mRNA expression, protein levels of PGC-1␣ and Tfam increased after injury, but NRF-1 protein levels did not change (Fig. 12B) . Similar to what was observed in the myoglobinuria model, tissue ATP levels were elevated 24 and 72 h after I/R injury and returned to control levels at 144 h (Fig. 7B) . ATP was increased 24 and 72 h after reperfusion, but back to preinjury level at 144 h.
DISCUSSION
In this study, we examined mitochondrial homeostasis in two different rodent AKI models. Previous studies have illustrated a central role of the mitochondria in acute injuries and provided evidence that the health of this organelle is a primary determinant in both the pathogenesis and recovery of organ function. However, many questions need to be answered in regards to duration of mitochondrial dysfunction, mechanisms of mitochondrial recovery, and influence of mitochondrial biogenesis on restoration of renal function. In the current study, we begin to address these questions by evaluating mitochondrial respiratory gene and protein expression, fusion and fission processes, autophagy, and biogenesis immediately after injury and during a 1-wk recovery period.
In the glycerol model, the levels of mitochondrial proteins (e.g., NDUFB8, ATP synthase ␤, COXI) decreased and remained decreased throughout the partial recovery of glomerular function. The loss of mitochondrial proteins would result in disruption of mitochondrial function previously demonstrated by Nath et al. (23) when they showed that renal mitochondrial respiration is disrupted early after glycerol injection (within 3 h) and is further diminished at 24 h after injury. The results presented here are consistent with the findings by Nath et al. and would further suggest that respiratory disruption persists as long as 144 h after injury. While mRNA for the mitochondrialencoded genes ND6 and COX I was decreased after injury, transcript levels for the nuclear-encoded mitochondrial proteins NDUFB8 and ATP synthase ␤ either did not change (NDUFB8) or were elevated after injury (ATP synthase ␤). This finding would suggest differential regulation of transcription occurring in the nucleus vs. the mitochondria following injury-induced mitochondrial protein degradation.
The upregulation of the mitochondrial biogenesis signaling molecules PGC-1␣, PRC, and NRF-1 provides evidence of active transcription of nuclear-encoded mitochondrial proteins, whereas persistent pathological signals or damage may prevent active transcription of the mitochondrial genome. Similar to the glycerol model, mitochondrial proteins were decreased and remained decreased throughout the partial recovery of glomerular function after I/R. Immunohistochemical analysis following I/R confirmed the loss of COX IV in cortical proximal tubules after injury. However, following I/R-induced AKI, transcript levels of both nuclear-and mitochondrial-encoded proteins were depressed early after injury and throughout the recovery phase. These findings reveal differences in mitochondrial recovery signals in response to different inducers of AKI and that active transcription of mitochondrial-encoded genes is inhibited even in the presence of elevated PGC-1␣ and other biogenic factors.
Our results are consistent with previous reports of induction of PGC-1␣ and mitochondrial biogenesis in acute organ injuries (26, 36, 38, 41) and following oxidant injury in renal proximal tubular cells (25) . Little information is available concerning the roles of other PGC-1 family members, PGC-1␤ and PRC, in mitochondrial biogenesis and following acute injury. PGC-1␤ mRNA expression did not change after glyc- Fig. 8 . Kidney dysfunction after I/R injury. Serum creatinine levels were significantly elevated 24 h after reperfusion, and then slowly decreased between 24 and 144 h without returning to normal levels. Different superscripts above data points are significantly different from one another (P Ͻ 0.05). erol or I/R injury; however, PRC mRNA was robustly elevated immediately after glycerol and I/R injury and remained elevated throughout the 1-wk recovery period. There were also elevations in NRF-1 and Tfam mRNA and/or protein, which are critical regulators of mitochondrial biogenesis (40) . In summary, mitochondrial biogenesis is a component of the recovery phase after AKI, and PGC-1␣ actively participates in response to mitochondrial injury. The importance of the prominent response in PRC following AKI remains to be determined.
Initially, the observation that electron transport chain proteins were severely depleted early after injury and did not recover while SCr levels decreased toward control levels was inconsistent with our expectations that mitochondrial proteins would be restored as glomerular function recovered. The loss of COX IV in the proximal tubules and the loss of other mitochondrial proteins in the renal cortex were consistent with the sustained decrease in proximal tubular function; however, a direct causal relationship between loss of mitochondrial proteins and proximal tubular dysfunction cannot be established in the current study.
Although mitochondrial electron transport chain proteins remained decreased throughout the study period, ATP levels paralleled PGC-1␣ and did not decrease but increased above control levels. Previous studies demonstrated that ATP is reduced dramatically during ischemia, but is mostly recovered 24 h after reperfusion (14, 30, 33) . Similarly, ATP is decreased within 1 h following glycerol-induced AKI (42) . In both models, ATP was elevated at 72 h after injury and trended back to control levels at 144 h. The mechanism or source of higher than normal ATP after injury is still unclear, particularly under conditions of extended mitochondrial disruption and reduced oxidative phosphorylation proteins. Elevated nucleotide pools have been reported in plasma and red blood cells in human and rodent renal failure studies (9, 21) and it has been suggested that this may be the result of under excretion in the urine or from salvage pathways due to excessive accumulation of inorganic phosphate. Additionally, increased gluconeogenesis has been reported in proximal tubules isolated from rat kidneys 1-3 days after I/R that may compensate for an increased energy demand (18) . It is not known whether any of these mechanisms contribute to the elevated renal ATP levels observed in the current study.
Following AKI, there were marked changes in mitochondrial fission and fusion protein expression. In the myoglobinuria model, both Drp1 and Mfn2 protein expression were elevated after injury and remained elevated throughout the recovery period. However, increased Drp1 protein levels were correlated with increased Drp1 mRNA while Mfn2 protein levels were not associated with increased Mfn2 mRNA, suggesting an altered posttranscriptional regulation. In contrast, in the I/R model elevated Drp1 protein expression was delayed until the recovery phase without any change in Drp1 mRNA expression throughout the study, suggesting there may be changes in protein degradation after I/R. Mfn2 protein levels decreased after injury and during recovery without a change in Mfn2 mRNA levels. These results reveal differences between the two AKI models with respect to mitochondrial fusion protein expression; however, fission protein Drp1 was elevated after injury in both models, suggesting that mitochondrial fission may be a more general process in AKI, whereas fusion protein expression may be more specifically regulated.
Induction of Drp1 protein and mitochondrial fragmentation has been reported previously in I/R AKI models and this process is a major contributor to injury progression. Brooks et al. (4) demonstrated that by inhibiting Drp1 either pharmacologically or by molecular techniques attenuated mitochondrial fragmentation, cytochrome c release, apoptosis, and kidney injury in both cellular and animal models of AKI. Both of the AKI models used in the current study are consistent with the results obtained by Brooks et al. and others, which demonstrated induction of Drp1 is correlated with caspase 3 cleavage and apoptosis (11, 19, 32) . However, the current study also demonstrates alterations in the mitochondrial fusion protein Mfn2 following AKI, and the contribution of this protein to mitochondrial fragmentation and injury progression has not been fully evaluated and warrants additional attention in future studies.
Autophagy has been reported in a number of acute injury models, including AKI (17, 23) . Induction of autophagy is thought to be crucial in the removal of damaged proteins and organelles (i.e., mitochondria) after injury, and blocking this response may prevent efficient cellular and organ recovery (17) . Additionally, autophagy has been linked with changes in mitochondrial dynamics, which include selective mitochondrial fission, fusion, and sequestration in the course of removal of damaged mitochondria (34) . It is interesting that this response was not upregulated until later in the recovery phase (72-144 h) in both models. The findings in the current manuscript contrast a previous study that demonstrated the presence of mitochondria in autophagic vacuoles 3 h after glycerol injection (23) . The differences between the studies may simply be the result of differences in the sensitivity of the autophagy markers and/or the relative amount of autophagy occurring at a given time point. Widespread autophagy may not occur until later in the injury/recovery process, which was detectable by changes in LC3-II protein expression at 144 h after injection.
There is an overwhelming need to develop new treatment strategies for AKI as there are currently no methods to improve renal function, but rather only procedures to prevent further damage and to maintain functional output, such as dialysis. Mitochondria undergo significant alterations following AKI and influence the pathophysiology as well as recovery of organ function during and after injury. We demonstrated that persistent mitochondrial dysfunction occurs within damaged proximal tubules after AKI and may contribute to the sustained injury observed within these structures. This phenomenon occurs even in the process of active repair signals and during improved glomerular function. Additionally, persistent mitochondrial dysfunction may also lead to chronic deficiencies in cell and organ function similar to disorders of the heart, brain, and kidney that are known to be associated with mitochondrial disease. As such, strategic development of methods to improve mitochondrial functions, i.e., mitochondrial biogenesis, following injury may offer unique therapeutic targets for the treatment of AKI.
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